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"INTRODUCTION

Growth hormone-releasing hormone (GHRH), in addition to stimulating the release of growth
hormone (GH) from the pituitary, acts as a trophic factor for pituitary somatotrophs ls). In addition,
GHRH is expressed outside of the hypothalamic/pituitary axis, with significant expression in the
gonads, gastrointestinal tract, pancreas, thymus, and lymphocytes (9 14 . Expression has also been
reported in a variety of tumors(15), including pancreas, lung, CNS(16) and, recently, breast, prostate,
and endometrium 1 .19). While the role of extrahypothalamic GHRH is unknown, mitogenic effects
have been demonstrated on lymphocytes and germ cells in vitro(20'21 ). The current study examines
the hypothesis that GHRH functions as an autocrinelparacrine growth factor in neoplastic
breast tissue. To address this hypothesis, we have undertaken a comprehensive examination of the
physiology of GHRH in immortalized breast cancer cell lines. We examine the effect on cell growth
and proliferation of exogenous GHRH and disruption of endogenous GHRH with specific inhibitors.
We also identify the intracellular signaling pathways that mediate the effects of GHRH on breast
cancer cells. Finally, we will dissect the mechanism by which GHRH and its receptor begin to be
expressed in the process of neoplastic transformation of breast tissue. We report here the results of
the course of this project. During the first 12 months of the project, we demonstrated that disruption
of endogenous GHRH inhibits proliferation and stimulates apoptosis in breast cancer cell' lines and
that this effect is mediated through a pathway involving the MAP kinases, ERK /2, p3 8 and JunK, as
well as the caspase cascade. During the second 12 months of the project, we expanded the
investigations, with particular attention to the participation of the p38 pathway, intracellular caspases,
and the pro-survival protein Bcl-2. We have also demonstrated that MAP kinase, through a raf/ras
dependent pathway, mediates the growth promoting effects of GHRH in breast cancer cell lines. In
the final 12 months of the project, we have further expanded this work to demonstrate that both
exogenous and endogenous GHRH stimulates cell proliferation and inhibits apoptosis in MDA231
cells, that endogenous GHRH secretion is coupled to a cycle of endogenous cellular activation
suggesting the activity of important autocrine/paracrine control of cell growth by GHRH, and that
somatostatin may play a modulatory role in this cycle. _

BODY

Task 1: To determine the relationship between expression of GHRH, expression
of GHRH receptor, and cellular proliferation in breast cancer cell lines (Months 1
-15)

Quantitate the expression of protein and mRNA for GHRH and GHRH receptor in breast cancer
cell lines (Months 1 - 4)

We have continued to be stymied by the technical problems previously described, namely the
unavailability of reagents for the approaches originally proposed. In the absence of information
regarding expression of these genes in other breast cancer cell lines, work has continued to focus on
the physiology of MDA231 cells, which express both GHRH and the GHRH receptor at high levels.

Define the effect of GHRH and its antagonists on the growth, proliferation, and apoptosis of
breast cancer cells (Months 4 -10)

Task completed - Manuscript published (Zeitler P, Siriwardana G. Antagonism of endogenous growth hormone-
releasing hormone leads to reduced proliferation and increased apoptosis in M DA231 breast cancer cells. Endocrine
18:85-90, 2002) and included in Appendix.
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The aim of this task was to determine the physiologic effect of disruption of normal GHRH secretion
,and action on the proliferation and survival of breast cancer cell lines. Because of the high level of
expression of both GHRH and its receptor in MDA231 cells relative to other cell types so far
evaluated, these experiments focus predominately on this cell line.

MDA231 cells, originally obtained from ATCC, were grown to confluency under standard conditions in
DMEM supplemented with 10% FCS. Prior to experiments, the cells were lifted with PBS/2%EDTA,
plated at 8,000/cm in 96-well, 24-well, or 6-well plates, and allowed to attach overnight in
DMEM/2%FCS. The competitive GHRH antagonist [N-acetyl-Tyrl, D-Arg2] fragment 1-
29Amide(Sigma)(GHRHa) was dissolved in 2%acetic acid/l%insulin-free BSA to a stock
concentration of 1 mM. GHRHa was added in 80p.l DMEM and allowed to incubate for 1 hour.
Control cells were treated with the same final concentration of vehicle alone. The medium was then
brought to 2%FCS and allowed to incubate until the indicated times. At the time of counting, the
medium was aspirated, the cells lifted with 50il trypsin, and resuspended in 150 p.1 of PBS. Four
0.1 pi samples of each well were counted by hemocytometer, with 8 replicates per treatment.

As shown in figure 1, a single treatment of MDA231 cells with 3 p.M antagonist resulted in an
approximately 25% decrease in cell number after 24 hours. Subsequently, cell numbers increased in
parallel with control cells, indicating that the effect is transient and reversible. A second treatment
after 24 hu,..,, led to an additional 24 hours of inhibition of the increase in cell number (not shown).

O " G Control

so 0 I RHa Figure 1: Effect of 3ýM GHRHa on MDA231
S40 cell-counts in vitro. Values represent the

mean ± SEM, n = 8 replicates at each time
3,0 point for each treatment

20

0 1 2

Days in treatment

The inhibition of cell number increase by G HRHa is also dose dependent. As shown in figure 2,
exposure for 24 hours to GHRHa resulted in decreases in cell number ranging from 6% at 40 nM to
25% at 5 pM. Higher doses did not lead to decreases greater than 25%.
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In order to determine whether the effect of disruption of endogenous GHRH on cell number resulted
from decreased cell proliferation, we examined the effect of GHRH antagonism on uptake of tritiated
thymidine. MDA231 cells were grown in 100ý1t DMEM/2%FCS in a 96 well plate overnight. GHRHa
was added in 80pI DMEM and allowed to incubate for 1 hour. The medium was then brought to
2%FCS. Four hours after GHRHa treatment, 0.8 .1 3H-thymidine was added to each well. At the
indicated times, cells were washed thrice with 150pjI PBS, followed by 25gl 10%TCA. After 5
minutes, 100•1l 0.1M NaOH was added followed by 27.5 RI O.IM HCI. The entire content of the well
was transferred to scintillation counter tubes and counted for 10 minutes. Each treatment was
examined in 8 replicates.

As shown in figure 3, exposure of MDA231 cells to a single dose of 3 lIM GHRHa resulted in a rapid
and transient decline in thymidine uptake followed by uptake parallel to control cells. This change in
thymidine uptake indicates a decrease in DNA synthesis and suggests a decrease in cellular
proliferation. When cells were exposed to a second dose of GHRHa after 4 hours, tritiated thymidine
uptake was i nhibited for a n a dditional 4 hours followed b y recovery and u ptake parallel to control
cells.

28000 - Control Figure 3: Effect of 31 M GHRHa on 3H.
0. 26000 otoi20 thymidine uptake by MDA231 cells in vitro
,; 24000 e. GHRHa

2.000 Values represent the mean ± SEM, n = 8
-20000 replicates at each time point for each

16000 treatment.
14000 .

"12000 1

,' 10000,

0 1 2 3 4 5 6

Hours

To determine whether antagonism of endogenous GHRH also decreased cell counts through
promotion of cellular apoptosis we examined the effect of GHRHa on apoptosis using two
independent techniques. First, we examined the effect of GHRHa on DNA laddering. Cells were
grown in 3.5cm plates overnight. Following treatment with GHRHa, the volume of medium was
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increased to 3 ml. Cells were harvested 12 hours after GHRHa treatment, pelleted by centrifugation,
and washed once in PBS. Cells were lysed in 200l lysis buffer (50 mM Tris pH 8.0, 10 mM EDTA,
0.5% SDS, 0.5 mg/mI proteinase K) and heated to 50C for 1 hour. The mixture was then heated to
90C for 3 min to deactivate the proteinase K, treated with 10 i.1 RNAse A to a final concentration of
0.5 [Lg/ml in TE and heated to 50C for 1 hour. Samples were separated by electrophoresis through
2% agarose with ethidium bromide and visualized (Alphaimager).

As shown in figure 4, exposure of MDA231 cells to 3 1 M GHRHa lead to a marked increase in DNA
laddering compared to vehicle alone, indicating increased apoptosis.

Vehicle GHRHa

Figure 4: Effect of 3 pgM GHRHa on DNA
laddering in MDA231 cells. Each lane
represents the total DNA sample obtained from
a single replicate, 3 replicates per treatment.

Next, we examined the effect of GHRHa on nuclear condensation, another measure of apoptosis.
Cells were grown in 100jl DMEM/2%FCS on chamber slides overnight. GHRHa was added in 80til
DMEM and allowed to incubate for 1 hour. The medium was then brought to 2%FCS. Twenty-four
hours after GHRHa treatment, cells were washed briefly with PBS, fixed in 4% paraformaldehyde for
10 min, followed by 70% EtOH in glycine buffer for 10 min at -20C. Cells were then washed in PBS,
incubated with Hoechst dye (8ptg/ml) for 15 min at RT, and rinsed three times in PBS. Slides were
then blinded and cells were visualized by fluorescent microscopy and apoptotic cells counted (4 fields
per slide, eight slides per treatment). (100 X magnification). Exposure of MDA231 cells to 3 ýtM
GHRHa for 24 hours increased the frequency of appearance of condensed nuclei after staining with
Hoechst dye. To quantify this increase, we counted the number of condensed nuclei present in a
10OX field (4 fields per slide, 8 slides per treatment). As shown in two experiments in figure 5,
MDA231 cells exposed to vehicle alone had approximately 30 apoptotic cells per field. However,
after 24 hours in the presence of 3 itM GHRHa, the frequency of apoptotic cells increased by 60%.
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Exposure of MDA231 cells to GHRHa for 24 hours leads to an approximately 60% increase in the
incidence of apoptotic MDA231 cells. However, the total incidence of apoptosis appears to be
relatively small, consistent with the previously demonstrated 25% decrease in cell number at 24
hours.

Finally, cells were plated as described, and exposed to GHRH antagonist (3 jM) or vehicle for 24
hours. C ells were then harvested, stained with Krishan's stain, and separated by fluorescent cell
sorting. As shown in figure 7, exposure of MDA231 cells to GHRH antagonist results in a marked
increase in cells demonstrating apoptotic nuclear signals.

Control GHRH antagonist
GATED-IPTIO GArLD-EAIXO

Figure 6: Effect of 3 gM GHRH antagonist
on apoptosis determined by FACS analysis
in MDA231 cells.

FL3

G L) 0 
G C 1liii. l il

In order to confirm the specificity of these effects of GHRHa, we also examined the effect of additional
peptide GHRH antagonists of entire!y different structure obtained from Dr. David Coy at Tulane
University, peptides PRL 2194 and PRL2640. These peptides have greater Effinity for the GHRH
receptor than GHRHa. Lyophilized peptides were dissolved in water and added to media at the
concentrations shown using an experimental paradigm identical to that used for GHRHa. As seen in
figure 8, both o f these antagonists Iead t o a marked d ose-dependent decrease i n c ell n umber 2 4
hours after treatment. Furthermore, these peptides with greater affinity for the GHRH receptor than
GHRHa have an efficacy that is also greater than GHRHa, leading to cell reductions of up to 65%,
compared to 15-25%. The observation that these alternative antagonists, with a structure different
from GHRHa reduce cell proliferation and that the degree of reduction correlates crudely with binding
affinity further support the conclusion that disruption of endogenous GHRH action impairs normal
breast cell proliferation and this effect is mediated through the GHRH receptor itself.
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M2640• Figure 7: The does dependent effect of
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Taken together, the data produced as part of this project during the last 12 months indicate that
antagonism of the endogenous GHRH autocrine/paracrine system in MDA231 breast cancer cells
leads to inhibition of cell proliferation, as well as increased cellular apoptosis, the combination of
which leads to decreased cell number. The effect of GHRH antagonists are dose-dependent,
transient, and reversible. In addition, the data imply that the effect of GHRH antagonists are
mediated through GHRHr itself, rather than cross reaction at related receptors. These results are
consistent with previous demonstrations of an inhibitory effect of GHRH antagonists on a variety of
reproductive and GI tract tumors(22-26) and extend these observations to provide information regarding
the mechanism of the effect of GHRH antagonists. The results also confirm that breast cell lines in
vitro provide a useful model system in which to further investigate the physiology of GHRH in breast
tumors.

Determine whether changing the expression of GHRH and/or GHRH receptor in breast cancer
cell lines results in changes in cell growth characteristics (Months 10-15).

The proposed transfections have been attempted but have not been satisfactorily successful for
technical reasons. No evaluable data are available at the time of this report.

Task 2: To determine the intracellular signaling pathway(s) that mediate the
effects of GHRH on growth in breast cancer cells (Months 15 - 24)

Define the g eneration o f cAMP a nd a ctivated MAP k inase p athway intermediates in breast
cancer cells in response to GHRH (Months 15-18) "P I
Determine the p athway(s) that m ediates the p roliferative a nd/or a poptotic e ffects o f G HRH
(Months 19-24)

The work proposed in this task has continued to progress significantly over the last year, with
continued expansion of our understanding of the pathways involved in transduction of the GHRH
signal in MDA231 cells. One manuscript has been submitted for review and another is in preparation.

We had previously demonstrated that GHRH, in addition to stimulating the intracellular synthesis of
cAMP, also activates the MAPK (ERK Y2) pathway in pituitary cells 27 ). Until this demonstration, it had
been assumed that the proliferative actions of G HRH on pituitary somatotroph (GH-secreting cell)
were mediated by cAMP generation, as are the hormone releasing actions. However, cAMP
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stimulation of proliferation is uncommon, since cAMP is much more commonly associated with
,suppression of cell proliferation. Therefore, the identification of involvement of the MAP kinase
pathway in GHRH action, a pathway well known to be associated with cellular proliferation, has
helped to clarify the mechanism of GHRH effects on cell proliferation.

Therefore, we examined the effect of GHRH on components of the MAPK pathway. Initial
experiments focused on the effects of exogenous GHRH on MDA231 cells. However, it became
quickly clear that basal levels of ERK 1/2 activation were significant, likely reflecting the actions of
endogenous GHRH. Attempts to decrease basal MAPK activation by manipulation of culture
conditions were initially unsuccessful. While it was possible to demonstrate a modest decrease in
ERK 1/2 activation in the presence of GHRHa, the results were less than compelling. We returned to
this problem in year 3 and the results are discussed more fully below.

Since we had demonstrated that antagonism of GHRH leads to increased apoptosis, we turned our
attention to other components of the MAPK pathway known to be related to this phenomenon(283 °).
Since activation of these components increases under conditions that promote apoptosis, we thought
it likely that demonstration of these positive changes would be more straightforward than
documenting the negative changes of ERKI/2. This proved to be the case.

MDA231 .- "3 were exposed to G HRH antagonist (3 gM) or vehicle for 20 m in. Cells were then
washed, lysed, and the proteins separated by PAGE and analyzed by Western blot hybridization with
phospho-specific Jun kinase or Phospho-specific p38 kinase antibody. As shown in figure 8,
exposure to GHRH antagonist resulted in marked activation/phosphorylation of both JunK and p38
kinase compared to vehicle.

'0 Figure 8: Effect of 3 [M GHRH

antagonist o n p hosphorylation o f J un
kinase (left panel) and p38 kinase (right

.Phospho- panel) in MDA231 cells.
Phospho- p38

JunK

Activation of the p38 pathway has been associated with initiation of apoptosis in a number of cell
systems, while activation of JunK has a more complicated relationship to apoptosis, associated with
both stimulation and suppression of apoptosis(283 °). •/

We next examined the time course of P38 activation in response to GHRHa, using the same
experimental paradigm. As shown in figure 9, exposure of MDA231 cells to 3 jIM GHRHa leads to
dramatic, rapid, and transient phosphorylation/activation of P38, with onset within 20 minutes and
return to baseline before 2 hours. This pattern of P38 activation has been seen in other apoptotic
systems.
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1 hour 2 hour 3 hour

PhontsphoGH • CnrF__l HH._a•Figure 9: Time course of the effect of 3 jiM
P38Phsh GHRH antagonist on phosphorylation of

Mon. p38 kinase in MDA231 cells

To confirm independently the effect of GHRH antagonism on p38 phosphorylation, we examined the
effect of a potent, non-competitive GHRH antagonist, PRL 2140 (David Coy, Tulane University) using
the same paradigm. As seen in Figure 10, this independent antagonist shows essentially the same
effect on p38 phosphorylation as GHRHa.

PRL 2140 effects on activation of
P:3 8  Figure 10: Time course of the effect of the

GHRH antagonist PRL 2140 on
7.5min 15mai 30min phosphorylation of p38 kinase in MDA231

To,[ _ •_+__ ...( - ,__'(___ P1111+ 3 pM,°•. cells

Phospho - p38

In order to determine whether activation of P38 by GHRHa is related to apopotosis, we examined the
effect of the P38 inhibitor SB203580 on cell number reduction and apopotosis in response to
treatment with GHRHa. MDA23I cells were pretreated with 10 jiM SB203580 30 minutes prior to
exposure to GHRHa and cell counting, as described above. As shown in figure 11, inhibition of P38
activation by the SB compound prevented the decrease in cell number seen in •sponse to GHRHa,
strongly suggesting that activation of P38 mediates the effect of GHRHa on changes in cell number.

11



Figure 11: Effect of P38 inhibition on the
GHRHa induced decrease in MDA231 cell

number. Each value represents the mean +

SD, n = 8 replicates per treatment. * = P<0.05

We next examined the effect of P38 inhibition on DNA laddering in response to GHRHa treatment of
MDA231 cells. Again, cells were pretreated with SB203580 30 minutes prior to exposure to GHRHa
and cells processed for DNA laddering as described above. As seen in Figure 12, inhibition of P38
activation bv the SB compound prevented the stimulation of DNA laddering seen in response to
GHRHa, suggesting that P38 activation is required for the GHRHa stimulation of apopotosis.

Control GHR~a

Control GHRHa sB Figure 12: Effect of P38 inhibition on the
GHRHa induced apoptosis in MDA231 cells.
Each lane represents the total DNA sample
obtained from a single replicate, 2 replicates
per treatment.

As noted above, Jun Kinase has a more complicated relationship to apoptosis, being associated with
both stimulatory and inhibitory actions under different circumstances. We next examined the effect of
inhibition of Jun Kinase on the response of MDA231 cell numbers to GHRHa. MDA231 cells were
transfected with 5 jig of a vector containing a CMV promoter-driven dominant-roative Jun Kinase 1
(Jnkl APF) or Jun Kinase 2 (Jnk2 APF) construct by electroporation, grown for 24 hours in serum
containing medium and then treated with GHRHa as described above. As seen in figure 13,
exposure of MDA231 cells to GHRHa in this experiment resulted in a modest (14%) decrease in cell
number after 24 hours. Transfection with dominant negative JnK I had no effect on this response to
GHRHa. However, transfection with dominant negative JnK 2 more than doubled the decrease
(39%). Pretreatment of cells with SB203580 completely prevented the decrease in cell number
following exposure to GHRHa, even in cells transfected with dominant-negative Jnk 2 (not shown).
The amplification of the effect of GHRHa when JnK 2 is inhibited suggests that activation of JnK 2
antagonizes the effect of P38 activation on cell number.

12



Figure 13: Effect of Jun Kinase I and Jun
Kinase 2 inhibition on the GHRHa induced

El Gumu, decrease in MDA231 cell number. Each
,,0 value represents the mean ± SD, n 8

replicates per treatment. * = P<0.05, **S:i P<0.01
"1+11 .oo

This experiment suggests that disruption of e ndogenous G HRH action on M DA231 cells activates
both P38 and JunK 2, the former stimulating and the Iatter inhibiting a poptosis. I t is intriguing to
hypothesize that the physiologic state of the cell at the time of GHRH disruption influences the
relative degree of activation of these two pathways, leading to alterations in the eventual response of
cell proliferation and apoptosis.

Taken together, the experiments described up to this point indicate that disruption of endogenous
GHRH action on MDA231 cells leads to activation of P38 and Jnk2, along with inhibition of ERK 1/2.

In addition, the effects of GHRH disruption on both cell number and apoptosis are mediated through
activation of P38, with Jnk2 perhaps playing a modulatory role. Thus, we can conclude that
endogenous GHRH functions in MDA231 cells to stimulate ERK /2 and inhibit activation of P38,
thereby promoting cell proliferation and limiting apoptosis. -

We next examined downstream components of the p38 pathway leading to apoptosis in response to
blockade of e ndogenous G HRH. F irst, in o rder to determine the participation of caspases in t his
process, MDA231 cells were treated with GHRHa (5 uM) as in previous experiments. The lysate was
subjected to SDS PAGE Electrophoresis, and transfer to Immobilon-P membrane. After blocking, the
12 kDa caspase-3 small subunit was detected using a caspse-3 specific antibody. As shown in figure
14, the phosphorylation of p38 approximately 1 hour after exposure to GHRHa, seen in previous
experiments, is accompanied by a marked increase in activated caspase 3 after approximately 1
hour, followed by a reduction to basal levels.

30 min 1 hour 2 hours Figure 14: Antagonism of endogenous
TO *_• .- ._ + GHRH with GHRHa (5 uM) promotes p38

Ppphosphorylation and activation of caspase

p38 _ P-
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In order to confirm the participation of caspase family members, we examined the effect of caspase
.inhibition on the cell number reduction following antagonism of endogenous GHRH. MDA231 cells
were pretreated with caspase inhibitors 30 minutes prior to exposure to GHRHa, followed by cell
counting as described above. In this experiment (Figure 15), antagonism of caspases 2, 3, and 9, but
not 1,4,6,and 8 prevented the reduction in cell numbers seen 24 hours after exposure to GHRH
antagonist, suggesting that activation of caspases, particularly some combination of 2,3 and 9 is
required for the effect on apoptosis.

Control None 114 2 3 6 a , Figure 15: Inhibition of Caspase 2,3 and
C-9 prevents the GHRHa induced decrease

in MDA231 cell number. (n = 4 per
R group).

Although we have not yet determined the order in which the caspases -2, -3 and -9 are activated, the
available literature suggests that caspase-9 is likely to be the initiator caspase in the GHRH
antagonized MDA231 cells 31). In other words, these data suggest that endogenous GHRH in MDA
231 cells blocks a caspase-9 based apoptotic cascade that otherwise would occur. It has been
shown that caspase-2 is a direct effector of m itochondrial a poptosis and is inactive towards other
caspase zymogens 32 ). Similarly, in several human cell lines, apoptosis occurred through an early
phase of mitochondrial dysfunction via caspase-2. However, activation of caspase-3 was necessary
in these cells for the activation of caspase-2(33). Thus, since Caspases -2 and -3 are known to be
effector caspases, it is reasonable to assume that caspase -2 and -3 act as effectors in our system. In
vitro, caspase-2 is the preferred cleavage substrate for caspase-3. Thus, it appears that caspase-3 is
responsible for the activation of caspase-2 and not vice versa(31'33 ). Taken together, the data suggest
that antagonism of endogenous GHRH leads to activation of a casade from caspase 9 to 3 to 2.

The ratio of pro survival Bcl-2 to pro apoptotic Bcl-2 provides a major regulator of apoptosis(34 ). In
order to examine the effect of GHRH antagonism on BCL-2 activity, MDA231 cells were treated with
GHRHa (5 uM) as in previous experiments. The lysate was subjected to SDS PAGE and western
analysis for the 29 KDa pro-survival BCI-2 protein using Bcl-2-specific antibodyý, As seen in Figure
16, caspase 3 activation occurs, as previously demonstrated, approximately 1 hour after exposure to
GHRHa, followed by disappearance of pro-survival Bcl-2 at 2 hours. Preliminary time course analysis
suggests that Bcl-2 remains reduced up to 4 hours after exposure.

14



30 min 1 hour 2 hours

To - + - .o. - +

Bc,2 ' __ -, !s Figure 16: Antagonism of endogenous
GHRH promotes activation of caspase 3,
followed by disappearance of Bcl-2.

Actin

Caspase dependent cleavage of pro survival Bcl-2 has been reported. In myeloid leukemic cells, the
addition of the caspase-1 inhibitor Z-VAD-FMK prior to treatment with etoposide prevented cleavage
of the Bcl-2 protein(35). Cleavage of Bcl-2 four hours after neocarzinostatin (NCS) treatment of PC-12
pheochromocytoma cells was prevented by the caspase-3 specific inhibitor, Ac-DEVD-CHO(36).
Similarly, removal of 1L2, triggers caspase-dependent cleavage of Bcl-2(37-38 ). While the experiments
described here do not prove that the disappearance of the Bcl-2 protein is due to the activated
caspases, the temporal relationship between the two events and the previously described caspase-
dependant cleavage of Bcl-2 suggest that the disappearance of Bcl-2 following exposure of cells to
GHRHa involves activation of the caspase cascade.

Taken together, the data presented here suggest that endogenous GHRH acts as a growth factor
through activation of MAPK/ERK. At the same time, arguing backward from the effects of
antagonism, the data suggest an anti-apoptotic action of GHRH through suppression of p38 activation
of a caspase cascade (9>-3>-2) and consequent inhibition of Bcl-2 cleavage. Activation of the Jnk
pathway may antagonize the effects of GHRH on the p38 pathway. Our tentative understanding of
this pathway is illustrated in Figure 17.

GHRH

Ras? Figure 17: Proposed pathway for growth

promoting and anti-apoptotic actions of
+ +- endogenous GHRH in .MDA231 cells.
XRI Jnk-1 Jnk-2 p38

caspase (9,3,2?)

Proliferation Apoptosis -

We have now developed a culture paradigm in which culture medium is changed 2 hours prior to

obtaining the baseline sample. Under these conditions, basal levels of ERK1/2 activation are
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markedly suppressed, and rapid phosphorylation of ERKI/2 stimulation by GHRH can be
.demonstrated. Therefore, it has become possible to investigate the direct effects of exogenous
GHRH and, thereby, understand more directly the effects of GHRH, rather than working backwards
from the effects of inhibiting endogenous GHRH. As shown in Figure 18, the effect of GHRH on
MDA231 cell numbers in DMEM without FCS was dose dependent, with a linear increase in cell
numbers in response to logarithmically increasing doses of added GHRH..

110

y = 75 + 5.21ogx

R-0.86 Figure 18. GHRH causes dose dependent
100 cell proliferation of MDA 231 cells. Values

represent the mean + SEM; n = 8 replicates ateach time point for each experiment, with
9 90 results pooled from two independent

_ experiments.

80

70
0 250 500 750 1000 1250

GHRH (nM)

To examine more directly the effect of GHRH on cell proliferation, cells grown overnight in DMEM
with no serum were treated with GHRH (1 VM), followed 2 hours later by addition of tritiated thymidine
(Figure 19). When thymidine incorporation was measured 4 hours, 6 hours and 8 hours after the
treatment of GHRH, there was a 40% increase in thymidine uptake in the GHRH treated cells relative
to control cells at 6 hours and 49% increase at 8 hours, results similar to those previously reported in
GH4 pituitary cells.

60 ......................................................... ......... .. ...- F ig ure 19 . Inco rpo ratio n of tritiated
00 thymidine after treatment of MDA231 cells
,0 with GHRH. Results are percentage increase

in thymidine incorporation relative to control, N
30= 8 well treatment.
20

10

0

2-4 hours 2-6 hours 2-8 hours

Duration of exposure to triatlated thymidine

To examine MAPK phosphorylation in response to GHRH, cells grown overnight were washed and
incubated in serum-free DMEM for 1.5 hours, followed by addition of GHRH (0.1 nM to 1 l.M) (Figure
20). As shown, GHRH stimulated robust and rapid phosphorylation of MAPK in MDA231 cells. The
temporal pattern of phosphorylation was dependent on dose, as previously reported(27 ).
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M" •,Figure 20. GHRH causes MAPKphosphorylation in MDA 231 cells.

To determine the signaling pathway involved in the stimulation of MAPK phosphorylation by GHRH,
MDA 231 cells were transfected with pRSV, pZCR17N (dominant negative Ras) and pRSV-Raf-C4
(dominant negative Raf) and grown in DMEM with 10% FCS for 40 hours. At this time, the medium
was repla•uu with serum free DMEM for 1.5 hours and the cells treated with GHRH as described
above. As seen in Figure 21, inhibition of the ras and raf pathways effectively eliminated the
phosphorylation of MAPK caused by GHRH, though there was a small increase in basal MAPK
phosphorylation in the ras and raf inhibited cells.

z1 Figure 21 Raf and Ras proteins are required
for the GHRH caused phosphorylation of
MAPK in MDA 231 cells

P' hospluo MAPK

A, Acdii

In addition to inhibition of GHRH stimulated MAPK phosphorylation, transfection with dominant
negative Ras and dominant negative Raf constructs also prevented GHRH stimulation of MDA 231
cell proliferation, as shown in Figure 22.
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To further investigate the timing of dependence of GHRH signaling on Raf and MAPK, we conducted
two separate sets of experiments. In the first, the over night medium was replaced with DMEM with
no serum. The inhibitors for the Raf1 kinase (5-lodo-3[(3,5-dibromo-4hydroxyphenyl)methylene]-2-
indolinone) and MAPK (PD 98059) (2-(2'-amino-3'-methoxyphenyl)-oxanaphthalen-4-one)) were
added 20 minutes prior to the addition of 1pM GHRH and cells counted 24 hours later. As seen in
Figure 23, , ,.:.ibitors of Rafl kinase and MAPK added prior to GHRH prevented GHRH-induced
stimulation of cell proliferation.

180 Figure 23. Inhibition of Raf and MAP Kinase
170- before the addition of GHRH prevents the

Cells GH1H caused cell proliferation. Valuesper well 160

(10.3) 150 represent the mean + SEM; n =8 replicates.
140

130
DMSO RAF Kinase PD 98059

Inhibitor

In a second set of experiments, the raf1 kinase and MAPK inhibitor were added immediately after the
addition of GHRH (Figure 24). Comparison of the results of these two experiments indicates that
when the inhibition of raf and MAPK after the addition of GHRH does not preventHRH-induced cell-
proliferation. This suggests that there is rapid and transient activation of the intracellbJlar signal
requiring raf and MAPK following exposure to GHRH.
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Previous studies have suggested the presence of an endogenous rhythm of GHRH release from
breast cell lines. If this is the case and GHRH acts in an autocrine fashion to stimulate breast cell
signal pathways, we hypothesized that there would be an endogenous cycle of both GHRH secretion
from these cells, as well as an endogenous rhythm of MAPK phosphorylation in response to this
autocrine stimulus. In order to test this hypothesis, MDA 231 cells were harvested at 20 minute
intervals b.ainning 16 hours after. We then examined the phosphorylation of MAPK. As shown in
Figure 25, there was a periodic fluctuation in phosphorylation of MAPK, with increases occurring
approximately every 80 minutes.

Figure 25. Cyclic phosphorylation of MAPK
Hours 16 17 18 19 20 21 in MDA231 cells is correlated with

pMAPK production of endogenous GHRH. Arrows
indicate times of detectable GHRH in cell

S MAPK lysate. Control lane contains authentic

• A; GHRH GHRH 250 ng for comparison.
t I tt t t

OHRH
250 ng

Furthermore, GHRH was detected in the lysate just prior to the increased MAPK phosphorylation.
Estimation by densitometry indicates that GHRH amounts at 16.7, 19, 20.7 and 21 hours were
approximately 1000, 430, 500 and 388 ng respectively, or 100 -200 fM. Protein assays conducted on
MDA 231 lysate plated in a similar fashion had an average protein concentration of 80 pg/20 pl after
16 to 21 hours (data not shown). Hence the amount of GHRH in the lysate ranges between 1250 -
2500 fM/mg of protein.
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* To determine if these periodic increases in the pMAPK were causally related to the periodic
release of GHRH, a similar set of MDA 231 cells were harvested every 20 minutes, but were treated
with 10NM GHRH agonist PRL 2640, 20 minutes before harvesting. As shown in Figure 26, the
application of the GHRH specific agonist resulted in a nearly complete reduction in the
phosphorylation of MAPK in all instances, except for two sets of samplings soon after treatment with
the antagonist. These results suggest, though do not prove, that the endogenous release of GHRH
can, and does, provide a stimulus for MDA 231 cell proliferation.

Control GHRH antagonist Figure 26. Cyclic phosphorylation of MAPK
Hours 16 17 18 16 17 18 in MDA231 cells is inhibited by treatment

SpMAPK with GHRH antagonist.

op MAPK

Somotostatin has previously been shown to inhibit the growth of human breast tumor cell lines(39 ).
Phosphorylation of MAPK by GHRH is inhibited in GH4 pituitary somatotroph cells by the presence of
somatostatin 40 ). We used the long-acting somatostatin analog, BIM 23014, to determine if
somatostatin prevents GHRH-induced phosphorylation in MDA231 cells. As seen in Figure 27,
pretreatment of MDA 231 cells with BIM 23014, prevented the phosphorylation of MAPK. The effect
of somatostatin on GHRH-induced cell proliferation was- determined by treating MDA 231 grown
overnight in serum free medium with somatostatin before or after the addition of GHRH (Figure 12).
As shown, pretreatment with somatostatin prevented the cell proliferation completely, while treatment
with somatostatin following exposure to GHRH resulted in GHRH-induced cell-proliferation, though
reduced compared to cells not exposed to somatostatin at all.

Raf-I
Kinass

PBS BIM23014 Inhibitor

GHRH + + +

Minutes 2.5 5 2.5 5 2.5 5 2.5 5 2.5 5 2.5 1

77• pMAPK Figure 27. Somatostati inhibits GHRH-

wMAPK induced MAPK phosphorylation.
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Task 3: To define the sequences of GHRH and GHRH receptor (GHRHr)
-promoters responsible for expression of these genes in breast cancer cells.
(Months 24-36)

Limited progress has been made on this task due to focus on Task 1 and 2.

KEY RESEARCH ACCOMPLISHMENTS

"* Demonstration that GHRH promotes MAPK phosphorylation/activation in MDA231 cells.

"• Demonstration that GHRH promotes proliferation of MDA231 cells.

"* Demonstration that GHRH-incuded activation of MAPK and stimulation of cell proliferation
occurs through ras/raf dependent signaling.

"* Dei,....stration that disruption of endogenous GHRH action in MDA231 breast cancer cells
with the GHRH antagonist, GHRHa, results in:

"o transient, reversible, and dose-dependent decrease in cell proliferation
"o transient and reversible decrease in thymidine kinase uptake, indicating decreased

cellular mitosis
"o increased cellular apoptosis

" Demonstration that disruption of endogenous GHRH action in MDA231 breast cancer cells
with the GHRH antagonists, GHRHa or PRL2140, results in:

o transient activation of P38 kinase
o transient activation of caspase 3
o loss of Bcl-2 expression following activation of caspase 3
o activation of Jun kinase

" Demonstration that inhibition of GHRHa activation of P38 kinase results in:
"o prevention of GHRHa effect on MDA231 cell number
"o prevention of GHRHa-induced apoptosis in MDA231 cells

" Demonstration that inhibition of GHRHa activation of caspase 2,3 and 9 results in prevention of
GHRHa induced cell loss.

" Demonstration that inhibition of GHRHa activation of Jun kinase 2 results ih amnplification of the

effect of GHRHa on MDA231 cell number

"* Demonstration of endogenous rhythm of GHRH production by MDA231 cells

"* Demonstration of correlation of endogenous GHRH rhythm with cyclical MAPK
phosphorylation in MDA231 cells.

"• Demonstration of potential GHRH/somatostatin autocrine interaction to regulate MDA231 cell
proliferation.
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"REPORTABLE OUTCOMES

Zeitler P, Siriwardana G. Antagonism of endogenous growth hormone-releasing hormone leads to
reduced proliferation and increased apoptosis in MDA231 breast cancer cells. Endocrine 18:85-90,
2002

Zeitler P, Siriwardana G, Coy D, Bradford A. Growth Hormone Releasing Hormone (GHRH) Induces
Proliferation of MDA 231 Breast Cancer Cells via the Ras, Raf, MAP Kinase Pathway. Submitted for
review, J. Biol Chem.

Zeitler P, Siriwardana G. Antagonism of endogenous growth hormone releasing hormone promotes
apoptosis in MDA231 breast cancer cells: Activation of p38 and the caspase pathway. In preparation.

Zeitler PS, Siriwardana G. Growth hormone-releasing hormone (GHRH) stimulates proliferation and
decreases apoptosis in breast cancer cell lines. Presented at the 8 2 nd Annual meeting of the
Endocrine Society, Toronto, ON, 2000

Zeitler PS, Siriwardana G. Signaling by endogenous growth hormone-releasing hormone (GHRH) in
MDA231 breast cancer cell lines. Presented at Era of Hope, Orlando FL 2002

CONCLUSIONS

This project has expanded our understanding of the pathway by which endogenous GHRH production
promotes maintenance and proliferation of MDA231 cell populations. Furthermore, these studies
begin to delineate the mechanism by which the antagonism of the endogenous GHRH
autocrine/paracrine system in MDA231 breast cancer cells leads to inhibition of cell proliferation, as
well as increased cellular apoptosis, the combination of which leads to decreased cell number.
These studies clarify the intracellular signaling pathways through which the actions of GHRH on
MDA231 cells are mediated and allows us to develop a preliminary and testable model for GHRH
biology in breast neoplasia, presented in Figure 17.

The emerging picture of the pathway by which GHRH promotes growth and inhibits apoptosis in
breast cancer cell lines furthers our understanding of the previously demonstrated actions of GHRH
antagonists to inhibit breast cancer growth in vitro and in vivo. More importantly, this understanding
begins to suggest ways in which GHRH antagonists might fit into therapeutic regimens, as pro-
apoptotic agents in their own right or as adjuvant agents supporting the action of traditional anti-
neoplastics. For example, overexpression of Bcl-2 may be related to drug resistance in many tumors
and is an indicator of poor prognosis 4146 ). Since GHRH and/or its receptor have been reported in
many cancers(17' 47-48), the ability of GHRH antagonists to promote BcI-2 cleavgge could provide a
novel approach to drug resistance in cancers that express the GHRH receptor.
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Antagonism of Endogenous Growth Hormone-Releasing
Hormone Leads to Reduced Proliferation and Apoptosis
in MDA231 Breast Cancer Cells
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- GH RH, in addition to stimulating the release of growth the regulation of growth of at least some breast cancer

shorten hormone (GH) from the pituitary, acts as atrophic fac- cell types.
abstract tor for pituitary somatotrophs. Growth hormone-releas-
to no ing hormone (GHRH) is also expressed outside of the Key Words: Growth hormone-releasing hormone; neo-
more
tan hypothalamic/pituitary axis-in the gonads, gastro- plasia, breast; growth factor; apoptosis; autocrine/para-
200 intestinal tract, pancreas, thymus, and lymphocytes, crine growth control.
words- as well as in tumors of the pancreas, lung, central ner-

vous -, "--a, and breast. However, the physiologic role
of extrahypothalamic GHRH is unknown. Since GHRH Introduction
has mitogenic effects in some extrapituitary sites, we The hypothalamic neuropeptide growth hormone-releas-
examined the hypothesis that GHRH functions as an ing hormone (GHRH) stimulates growth hormone (GH)
endogenous autocrine/paracrine growth factor in neo- synthesis and secretion from the pituitary and is a critical
plastic breast tissue. MDA231 cells were grown under trophic factor promoting development and proliferation of
standard conditions and GHRH receptor expression pituitary somatotrophs (1-8). GHRH is also expressed in a
was demonstrated by polymerase chain reaction ampli- limited set of other tissues, including lymphocytes, placenta
fication. The effect of disrupting endogenous GHRH (9,10), gut (11), kidney (12), thymus (13), and testis (10,14),
on cell growth and apoptosis was examined through where it is assumedtoplay an autocrine/paracrine role. How-
the use of a competitive GHRH antagonist, [N-acetyl- ever, the physiology of extrahypothalamic GHRH has not
Tyrl, D.Arg2l fragment 1-29Amide (GHRHa) (1-3 pM). been well studied, although mitogenic activity has been
Cell proliferation was determined by direct cell count- reported in lymphocytes and testicular germ cells (15-17),
ing and tritiated thymidine incorporation. Apoptosis suggesting that atrophic role for GHRH may not be unique
was analyzed by examination of DNA laddering and to the pituitary somatotroph. Recently, we (18) and others
nuclear condensation. Exposure of MDA231 cells to (19) have demonstrated that GHRH activates the mitogen-
GHRHa resulted in a dose-dependent, transient, and activated protein kinase (MAPK) pathway, as well as cel-
reversible decrease in cell number and proliferation rate. lular proliferation in somatotroph cell lines, providing a
Furthermore, GIHIRHa resulted in a transient and rever- potential signaling framework for mitogenic actions.
sible decrease in tritiated thymidine uptake, indicating GHRH is also known to be expressed in tumors of the
decreased cellular proliferation rate. Conversely, expo- central nervous system, lungs, and gastrointestinal (GI) tract
sure of MDA231 cells to GHRHa led to a marked and (20). Indeed, GHRH was originally isolated from pancrea-
dose-dependent increase in both DNA laddering and tic tumors, and ectopic secretion ofGHRH is a well-described
nuclear condensation, implying the promotion of apop- cause of acromegaly. More recently, expression has been
tosis. These results indicate that disruption of enaog- demonstrated in tumors of the breast (21), prostate (22),
enous GHRH action in MDA231 cells results in both ovary, andendometrium. (23-25). Furth'+orc, GHRHrecep-
decreased cellular proliferation and increased apopto- tor antagonists (GHRHa) have been reported to have anti-
sis. Taken together, the findings suggest that endoge- tumorigenic activity in a variety of transformed human cell
nous GHRH acts as an autocrine/paracrine factor in lines, including GI tract, renal, prostate, ovarian, and breast

(26-31). However, the mechanism of action ofthese antag-
onists to inhibit tumor growth, as well as the underlying

Received March 15, 2002; Revised May 3, 2002; Accepted May 6, 2002. role of GHRH itself in these tumors, remains unclear.
Author to whom all correspondence and reprint requests should be addressed: To study GHRH biology in extrahypothalamic tumors,
Dr. Philip Zeitler, Division of Endocrinology, The Children's Hospital,
1056 East 19th Avenue, Denver, CO 80218. E-mail: Phil.Zeitler@uchsc. we were interested in establishing an in vitro model ame-
edu nable to molecular dissection. Since breast cancer cell lines
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Fig. 2. Effect ofGHRa on MDA231 cell counts in vitro. MDA231
cells were plated at 8000/cm in 96-well plates and allowed to attach

eh Covernight in Dulbecco's modified Eagle's medium (DMEM)/2%Sfetal calf serum (FCS). The medium was replaced with DMEM
0 0

ca 0 without serum, and the competitive GHRH antagonist GHRHa OK?
2 was applied for 1 h as described in Materials and Methods. The

Fig. 1. -CR amplification of total RNA from a human pitu- medium was then brought to 2% FCS and allowed to incubate until
itary tumor and MDA231 cells. RT-PCR amplification (35 cycles) the indicated times. In all experiments, control cells were treated

was performed using I pig of total RNA prepared from MDA231 with the same final concentration of vehicle alone. At the time of
cells and a human pituitary tumorand primers designed to amplify counting, the medium was aspirated, and the cells were removed
a 953-bp segment of the hGHRH receptor as described in Mate- following treatmentwith 50 gLoftrypsin and resuspended in 150

rials and Methods. Cloning and direct sequencing confirmed the giL of PBS. Four 0.1 -jiL samples of each well were counted by

identity of the transcript as hGHRH receptor mRNA. hemocytometer, with eight replicates per treatment. Values rep-
resent the mean ± SEM; n = 8 replicates at each time point for each
treatment. *p < 0.05; **p < 0.01.

express endogenous GHRH (21,32), we first demonstrated reversilile. A second treatment after 24 h led to an additional
that these cell lines also express the GHRH receptor and then 24 h of inhibition ofthe increase in cell number. This inhibi-
examined the effect of disrupting the autocrine/paracrine tion by GHRHa was also dose dependent. As shown in a rep-
actions of GHRH on proliferation and apoptosis of these cells resentative experiment (Fig. 3), exposure for 24 h to GHRHa
using a GHRH receptor antagonist. resulted in decreases in cell number ranging from 6% at 40

nMto 25% at 5 pLM. Higher doses did not lead to decreases
Results >25%.

To determine the mechanism responsible for the reduc-
As shown in Fig. 1, reverse transcriptase polymerase tion in cell number caused by exposure to GHRHa, the

chain reaction (RT-PCR) oftotal RNA from MDA231 cells effect of GHRHa on measures of cellular proliferation and
using hGHRHr-specific primers detected the presence of a mitosis was examined. As shown in a representative exper-
953-bp transcript identical in size to that present in human iment (Fig. 4), exposure of MDA231 cells to a single dose
pituitary tissue. No transcript was present in amplifications of 3 p.MGHRHa resulted in a rapid and transient decline in
lacking inputRNA (control lane). Cloningand direct seqlinc- thymidine uptake followed by uptake parallel to control
ing confirmed the identity of the transcript as full-length cells. This change in thymidine uptake indicates a decrease
hGHRH receptor mRNA. Western blot analysis confirmed in DNA synthesis and suggests a deciease in cellularprolif-
previous reports of immunoreactive GHRH in extracts from eration. When cells were exposed to a second dose ofGHRHa
MDA231 cells (32). after 4 h, tritiated thymidine uptake was inhibited for an

The effect on cell growth of disruption of endogenous additional 4 h followed by recovery and uptake parallel to
GHRH signaling was examined using the hGHRH antago- control cells.
nist, [N-acetyl-Tyrl, D-Arg2] fragment 1-29Amide (Sigma, To evaluate whether antagonism of endogenous GHRH
St. Louis, MO). As shown in a representative experiment also decreased cell counts through promotion of apoptosis,
(Fig. 2), a single treatment ofMDA231 cells with 3 pMantag- the effect of GHRHa on apoptosis was determined using
onist resulted in an approx 25% decrease in cell number two independent techniques. As shown in Fig. 5, exposure
after 24 h. Subsequently, cell numbers increased in parallel ofMDA231 cells to 3 ptMGHRHa led to a marked increase
with control cells, indicating that the effect is transient and in DNA laddering compared to vehicle alone. In addition,
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Fig. 3. Dose-dependent effect of GHRHa on MDA23 1 cell counts Fig. 4. Effect of GHRHa on 3H-thymidine uptake by MDA23 1
in vitro. MDA23 1 cells were plated at 8000/cm in 96-well plates cells in vitro. MDA23 1 cells were plated at 8000/cm in 96-well
and allowed to attach overnight in DMEM/2% FCS. The medium plates and allowed to attach overnight in DMEM/2% FCS. The

- was replaced with DMEM without serum, and the competitive medium was replaced with DMEM without serum and the compe-
AU: GHRH antagonist GHRHa was applied for I h as described in titive GHRH antagonist GHRI~a was applied for 1 h as described AU:

-K_ Materials and Methods. The medium was then brought to 2% FCS in Materials and Methods. The medium was then brought to 2% OK_.?.
and a~l--,r•n to incubate until the indicated times. In all experi- FCS. Four hours after GHRHa treatment, 0.8 jtL of 3H-thymidine
ments, Control cells were treated with the same final concentra- was added to each well. At the indicated times, cells werewashed
tion of vehicle alone. At the time of counting, the medium was thrice with 150 1iL of phosphate-buffered saline (PBS), followed
aspirated, and the cells were removed following treatment with by 25 piL of 10% trichloroacetic acid (TCA). After 5 mai, 100 !iL
50 jiL of trypsin and resuspended in 150 jIL of PBS. Four 0. l-laL of 0.1 MNaOH was added followed by 27.5 jiL of 0.1MHCI. The
samples of each well were counted by hemocytometer, with eight entire content of the well was transferred to scintillation counter
replicates per treatment. Values represent the mean ± SEM; n = tubes and counted for 10 mai. Values represent the mean ± SEM;
8 replicates at each time point for each treatment. n = 8 replicates at each time point for each treatment. **p < 0.01.

exposure ofMDA23 1 cells to 3 p.MGHRiHa fur 24 h increased The dlecrease in cell numbers seen in the MDA23 1 cells

the frequency of appearance of condensed nuclei after stain- exposed to GHRH- antagonist is unlikely to be owing to non-

ing with Hoechst dye. To quantify' this increase, the number specific toxicity. The effects of the antagonist are transient
of condensed nuclei present in a xl 100 field (four fields per and completely reversible, suggesting a physiologic rather

slide, eight slides per treatment) was counted. As shown than catastrophic event. Furthermore, the effect of the antag-
in Fig. 6, after 24 h in the presence of 3 I•MGIIRHa, the fre- onist on cellular proliferation is relatively modest even at

quency of apoptotic cells increased by 60-75% in indepen- maximal doses, suggesting that the effect is limited to ocr-
dent experiments. However, even after the increase in apop- tain cells, perhaps in a particular physiologic state or posi-

totic frequency following GHRHa treatment, the overall rate tion in the cell cycle, rather than a generalized toxic effect

of apoptosis remained limited, with approx 5% of cells in on all cells. Finally, the decrease in cell number is associ-

a field of 2000 demonstrating signs of apoptosis at 24 h, a ated with DNA laddering and nuclear condensation, fea-
rate consistent with the decrease in cell numbers at 24 h. tures characteristic of apoptosis rather than nonspecific cell

death.
DiscusionThe implications of changes in thymidine uptake are

Discussionarguable. On the one hand, a decrease hi uptake may reflect

The data presented here indicate that antagonism of the decreased rates of DNA synthesis (i[e., reduced mitosis).

endogenous GHRH autocrine/paracrine system in MDA23 1 Alternatively, decreased uptake may indicate reduced rates

breast cancer cells leads to inhibition of cell proliferation, of DNA repair processes. However, in the current experi-
as well as increased cellular apoptosis, the combination of ments, the association of decreased thymidine uptake with

which leads to decreased cell number. The effect of GHRII the subsequent reduction in cell number strongly suggests
antagonist is dose-dependent, transient, and reversible, that exposure to GHRH antagonist is promoting a decrease
These results are consistent with previous demonstrations in the rate of mitosis and cell, proliferation. Furthermore,

____of an inhibitory effect of GHRH antagonists on a variety of while it is conceivable that the decrease in thymidine uptake
AU: OK? reproductive and GI tract tumors, extending these observa- reflects the loss of DNA synthesis by cells undergoing apop-

tions to provide initial information regarding the mechanism tosis, the degree of reduced cell number appears to exceed
of the effect of GHRH antagonists. what can be accounted for by apoptosis alone, implying that
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Fig. 6. Effect of GHRHa on nuclear condensation of MDA231
cells in vitro. Cells were grown as described in 100 jL ofDMEM/
2% FCS on chamber slides overnight. GHRHa was added in 80
liL of DMEM and allowed to incubate for 1 h. The medium was
then brought to 2% FCS. Twenty-four hours after GHRHa treat-
ment, cells were washed briefly with PBS, fixed in 4% paraform-
aldehyde for 10 min, followed by 70% EtOH in glycine buffer for
10 min at -20'C. Cells were then washed in PBS, incubated with
Hoechst dye (8 jig/mL) for 15 min at room temperature, and rinsed
three times in PBS. Slides were then masked and cells visualized
by fluorescent microscopy and apoptotic cells counted (fourfields

Fig. 5. Effect of GHRHa on DNA laddering in MDA23 1 cells. per slide, eight slides per treatment). Values represent the mean

MDA231 cells were grown as described in 3.5-cm plates over- SEM in two independent experiments. *p <0.05; **p <0.01.

night. Following treatment with GHRHa as described, the volume
of medium was increased to 3 mL. Cells were harvested 12.h after
GHRHa treatment, pelleted by centrifugation, and washed once
in PBS. Cells were lysed in 20 jiL of lysis buffer (50 mM Tris,
pH 8.0; 10 mMEDTA; 0.5% sodium dodecyl sulfate [SDS]; 0.5
mg/mL of proteinase K) and heated to 50'C for I h. The mixture However, the mechanism by which GHRH promotes cel-
was then heated to 90'C for 3 min to deactivate the proteinase K,
treated with 10 jtL ofRNase A to a final concentration of 0.5 tg/ lular pr6liferation is unclear. In pituitary somatotrophs, ana-

mL in TE, and heated to 50'C for 1 h. Samples were separated by logs of cyclic adenosine monophosphate (cAMP) and soma-
electrophoresis through 2% agarose with ethidium bromide and totroph-targeted expression of cholera toxin in transgenic
visualized (Alphaimager). Each lane represents the total DNA animals induce cellular proliferation in culture (35,45).
sample obtained from a single replicate, with three replicates per Conversely, GH-promoter driven overexpression of domi-
treatment. nant negative CREB leads to somatotroph hypoplasia (8),

a finding interpreted to indicate that inhibition of the tran-
scriptional effects of cAMP prevents the genomic and pro-
liferative effects of GHRH. Recently, we (18) and others

at least a portion of the cell number reduction is a conse- (19) have demonstrated that GHRH activates the MAPK
quence of reduced cellular proliferation, pathway, as well as cellular proliferation in somatotroph

The concept of GHRH as a promoter of cellular prolif- cell lines. Furthermore, proliferation in response to GHRH

eration is not in itself novel. Within the hypothalamic pitu- was prevented by agents that prevent activation of MAPK,

itary axis, extensive evidence supports the role of GHRH strongly implying that GHRH promotes proliferation, at least

in the development and proliferation of GH-secreting soma- in part, through activation of the MPýPK pathway.

totrophs. GHRH stimulates the expression of both the GH The question of which receptor iý:transducing extrahy-
gene and c-fos, and enhances somatotroph proliferation in pothalamic actions of GHRH has been somewhat contro-
vitro (4-6,18,33-35). Long-term exposure to GHRH in vivo versial. In some cases, attempts at identifying the GHRH
results in somatotroph hyperplasia in animals (36,37) and receptor in GHRH antagonist-responsive tumors has been

humans (38,39). Conversely, rats in which GHRH action is unsuccessful (21,29,46), and it has been suggested that

transiently impaired during the neonatal period have reduced GHRH may be acting through related vasoactive intestinal
pituitary size and somatotroph cell number (7,40-42). Sim- peptide or PACAP receptors (47,48). However, in the case AU:
ilarly, resistance to GHRH action, as in the lit mouse (43, of MDA231 breast cancer cells, the presence of GHRH define

44) or dw rat (2), or congenital absence of GHRH, as in the receptor mRNA suggests that the actions of GHRH on cel- PACAP

GSH- 1 knockout mouse (1), is associated with marked lular proliferation are likely mediated by the GHRH recep-
somatotroph hypoplasia. tor itself.
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In summary, the results of these experiments indicate that treatment, 0.8 tL of 3H-thymidine was added to each well.
exposure ofMDA231 breast cancer cells to a GHRH receptor At the indicated times, cells were washed thrice with 150
antagonist in vitro results in reduced cell numbers. Further- pL of PBS, followed by 25 pL of 10% TCA. After 5 min,
more, the experiments provide evidence that the decrease 100 gL of 0.1 MNaOH was added followed by 27.5 pL of
in cell number reflects both decreased cellular proliferation, 0.JMHC1. The entire content of the well was transferred to
as indicated by decreased tritiated thymidine uptake, and scintillation counter tubes and counted for 10 min. Each
increased cellular apoptosis, as indicated by increased DNA treatment was examined in eight replicates.
laddering and nuclear condensation. Taken together, the
data suggest that disruption of endogenous GHRH receptor DNA Ladder
signaling results in disruption of normal MDA231 cellular Cells were grown as described in 3.5-cm plates over-
dynamics, leading to decreased proliferation and survival night. Following treatment with GHRHa as described, the
of the breast cancer cells. By extension, these results imply volume of medium was increased to 3 mL. Cells were har-
that endogenous GHRH supports MDA231 cell prolifera- vested 12 h after GHRHa treatment, pelleted by centrifu-
tion and inhibits apoptotic pathways. gation, and washed once in PBS. Cells were lysed in 20 pL

of lysis buffer (50 mM Tris, pH 8.0; 10 mM EDTA; 0.5%
Materials and Methods SDS: 0.5 mg/mL of proteinase K) and heated to 50'C for
Cell Culture 1 h. The mixture was then heated to 90'C for 3 min to deac-

tivate the proteinase K, treated with 10 gL of RNase A to
MDA231 cells, originally obtained from American Type a final concentration of 0.5 tg/mL in TE, and heated to

Culture %jslection, were grown to confluency under stan- 50°C for 1 h. Samples were separated by electrophoresis
dard conditions in DMEM supplemented with 10% FCS. through 2% agarose with ethidium bromide and visualized
Prior to experiments, the cells were removed following (Alphaimager).
treatment with PBS/2% EDTA; plated at 8000/cm in 96-,
24-, or 6-well plates; and allowed to attach overnight in Hoechst Staining
DMEM/2% FCS. For treatments, the medium was replaced Cells were grown as described in 100 gL of DMEM/2%
with DMEM without serum and treatments applied for 1 h, FCS on chamber slides overnight. GHRHa was added in
followingwhich medium was brought to 2% FCS and main- 80 gL of DMEM and allowed to incubate for I h. The
tained until harvest. The competitive GHRH antagonist medium was then brought to 2% FCS. Twenty-four hours
GHRHa was dissolved in 2% acetic acid/1% insulin-free after GHRIa treatment, cells were washedbrieflywith PBS,
bovine serum albumin to a stock concentration of I mM. In fixed in 4% paraformaldehyde for 10 min, followed by 70%
all experiments, control cells were treated with the same EtOH in glycine buffer for 10 min at -20'C. Cells were then
final concentration of vehicle alone, washed in PBS, incubated with Hoechst dye (8 pg/mL) for

RT-PCR Amplification 15 min at room temperature, and rinsed three times in PBS.

Total RNA was prepared from MDA231 cells and a human Slides were masked so that the reader would be unaware of
pituitary tumor using commercial reagents. RT-PCR ampli- the treatment exposure, cells were visualized by fluorescent
fication (35 cycles) was performed using 1 pg of total RNA microscopy, and apoptotic cells were counted (four fields
from each tissue and primers designed to amplify a 953-bp per slide, eight slides per treatment).
segment of the hGHRH receptor as previously described (49). StatisticalAnalysis

Cell Counts Where indicated, data were analyzed by one-way analy-
Cells were grown as described in 100 ptL of DMEM/2% sis ofvariance followed by post-hoe analysis with the Neu-

FCS in a 96-well plate overnight. GHRHa was added in 80 man-Keuls test.
tL of DMEM and allowed to incubate for 1 h. The medium

was then brought to 2% FCS and allowed to incubate until Acknowledgments
the indicated times. At the time of counting, the medium
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ment with 50 pL of trypsin and resuspended in 150 ptL of Drs. Arthur Gutierrez-Hartman, John Tentler, Kim Heiden-
PBS. Four 0.1-ItL samples of each well were counted by reich, Mary Reyland, Andy Bradford, and David Coy, as
hemocytometer, with eight replicates per treatment, well as the technical assistance of Kristin Eckel and Dave

Koterwas. This work was supportedby an Individual Inves-
Tritiated Thymidine Uptake tigator Award from the Howard Hughes Medical Institute

Cells were grown as described in 100 pL of DMEM/2% at the University of Colorado, a basic science research grant
FCS in a 96-well plate overnight. GHRHa was added in from Pharmacia and Upjohn, and a grant from the Breast
80 pL ofDMEM and allowed to incubate for 1 h. The medium Cancer Research Program of the Department of Defense,
was then brought to 2% FCS. Four hours after GHRHa DAMD17-00-1-0212 (BC990426).



6 GHRH Antagonists in Breast Cancer / Zeitler and Siriwardana Endocrine

References 25. Bagnato, A., Moretti, C., Ohnishi, J., Frajese, G., and Catt, K.
(1992). Endocrinology 130, 1097-1102.

1I. Li, H., Zeitler, P. S., Valerius, M. T., Small, K., and Potter, S. S. 26. Csernus, V., Schally, A. V., Kiaris, H., and Armatis, P. (1999).
(1996). EMBO J 15, 714-724. Proc. Natl. Acad. Sci. USA 96, 3098-3103.

2. Zeitler, P., Downs, T. R., and Frobman, L. A. (1994). Endo- 27. Jungwirth, A., Schally, A. V., Pinski, J., Groot, K., Armatis, P.,
crine 2, 729-733. and Halmos, G. (1997). Proc. Nat!. Acad. Sc!. USA 94, 5810-

3. Asa, S. L., Kovacs, K., Stefaneanu, L., Horvath, E., Billestrup, 5813.
N., Gonzalez-Manchon, C., and Vale, W. (1992). Endocrino!- 28. Jungwirtb, A., Schally, A. V., Pinski, J., H-almos, G., Groot, K.,
ogy 131, 2083-2089. Armatis, P., and Vadillo-Buenfil, M. (1997). Br. J. Cancer 75,

4. Barinaga, M., Bilezikjian, L. M., Vale, W. W., Rosenfeld, M. G., 1585-1592.
and Evans, R. M. (1985). Nature 314, 279-281. 29. Lamnharzi, N., Schally, A. V., Koppan, M., and Groot, K. (1998).

5. Billestrup, N., Swanson, L. W., and Vale, W. (1986). Proc. Nat!. Proc. Natl. Acad. Sc!. USA 95, 8864-8868.
Acad. Sc!. USA 83, 6854-6857. 30. Pinski, J., Schally, A. V., Jungwirth, A., Groot, K., Halmos, G.,

6. Billestrup, N., Mitchell, R. L., Vale, W., and Verma,1. M. (1987). Armatis, P., Zarandi, M., and Vadillo-Buenfil, M. (1996). Int.
Mo!. Endocrinol. 1, 300-305. J. Oncol. 9, 1099-1 105.

7. Cella, S. G., Locatelli, V., Mennini, T., et al. (1990). Endocri- 31. Pinski, J., Schally, A. V., Groot, K., Halmos, G., Szepeshazi,
nology 127, 1625-1634. K., Zarandi, M., and Armatis, P. (1995). J. Nat!. Cancer Inst.

8. Struthers, R. S., Vale, W. W., Arias, C., Sawchenko, P. E., and 87, 1787-1794.
Montminy, M. R. (1991). Nature 350, 622-624. 32. Benlot, C., Levy, L., Fontanaud, P., Roche, A., Rouannet, P.,

9. Gonzalez-Crespo, S. and Boronat, A. (199 1). Proc. Nat!. Acad. and Joubert, D. (1997). J. Clin. Endocrino!. Metab. 82,690-696.
Sc!. USA 88, 8749-8753. 33. Barinaga, M., Yamamoto, G., Rivier, C., Vale, W. W., Evans,

10. Berry, S. A., Srivastava, C. H., Rubin, L.R.9Phipps, W. R., and R. M., and Rosenfeld, M. G. (1983). Nature 306, 84,85.
Pescovitz, 0. H. (1992). J. Clin. Endocrinol. Metab. 75,281- 34. Gick, G. G., Zeytin, F. N., Ling, N. C., Esch, F. S., Bancroft,
294. C., and Brazeau, P. (1984). Proc. Nat!. Acad. Sc!. USA 81,

11. Brunn, f. 0., Mason, R. T., and Vale, W. W. (1985). Endocri- 1553-1555.
nology 117, 1710-1712. 35. Clayton, R. N., Bailey, L. C., Abbot, S. D., Detta, A., and

12. Matsubara, S., Sato, M., Mizobuchi, M., Niimi, M., and Docherty, K. (1986). J. Endocrino!. 110, 5 1-57.
Takahara, J. (1997). Endocrinology 136, 4147-4150. 36. Clark, R. G. and Robinson, 1. C. A. F. (1985). Nature 314,28 1-

13. Guarcello, V., Weigent, D. A., and Blalock, J. E. (199 1). Cell. 283.
Immunol. 136, 291-302. 37. Hammer, R. E., Brinster, R. L., Rosenfeld, M. G., Evans, R. M.,

14. Untergasser, G., Kranewitter, W., Schwarzler, P., Madersbacber, and Mayo, K. E. (1985). Nature 315, 413-416.
S., Dirnhofer, S., and Berger, P. (1997). Mo!. Cell. Endocrino!. 38. Frohman, L. A., Szabo, M., Berelowitz, M., and Stachura, M.
130, 53-60. E. (1980). J. Clin. Invest. 65, 43-54.

15. Srivastava, C. H., Monts, B. S., Rotbrock, J. K., Peredo, M. J., 39. Asa, S. L., Scheithauer, B. W., Bilbao, J. M., et al. (1984). J.
and Pescovitz, 0. H. (1995). Endocrinology 136, 1502-1508. C!!n. Endocrino!. Metab. 58, 796-803.

16. Srivastava, C. H., Kelley, M. R., Monts, B. S., Wilson, T. M., 40. Wehrenberg, W. B., Bloch, B., and Phillips, B. J. (1984). Endo-
Breyer, P . R., and Pescovitz, 0. H. (1994). Endocrine 2, 607- crinology 115, 1218-1220.
610. 41. Wehrenberg, W. B., Voltz, D. M., Cella, S. G., M-Uller, E. E., AU: ref.

17. Srivastava, C. H., Breyer, P. R., Rothrock, J. K., Peredo, M. J., and Gaillard, R. C. (1992). Neuroendocrinology 56, 509-515. 41:
and Pescovitz, 0. H. (1993). Endocrinology 133, 1478- 42. Maiter, D., Underwood, L. E., Martin, J. B., and Koenig, J. I. Mailer
1481. (1991). Endocrinology 128, 1100-1106. OK?

18. Zeitler, P. and Siriwardana, G. (2000). Endocrine 12,257-264. 43. Jansson, J.-O., Downs, T. R., Beamer, W. G., and Frobman,
19. Pombo, C. M., Zalvide, J., Gaylino, B. D., and Dieguez, C. L. A. (1986). Science 232, 511,512.

(2000). Endocrinology 141, 2113-2119. 44. Lin, S.-C., Lin, C. R., Gukovsky, L., Lusis, A. J., Sawchenko,
20. Frohman, L. A.and Szabo, M. (198 1). Prog. Clin. Biol. Res. 74, P. E., and Rosenfeld, M. 0. (1993). Nature 364, 208-213.

259-271. 45. Burton, F. H., Hasel, K. W., Bloom, F. E., and Sutcliffe, J. G.
21. Kahan, Z., Arencibia, 3. M., Csernus, V. J., Groot, K., Kineman, (1991). Nature 350, 74-77.

R. D., Robinson, W. R., and Schally, A. V. (1999). J. Gun. 46. Schally, A. V. and Varga, J. L. (1999). Trends Endocrinol.
Endocrino!. Metab. 84, 582-589. Metab. 10, 383-391.

22. Chopin, L. K. and Herrington, A. C. (2001). Prostate 49, 116- 47. Csernus, V., Schally, A. V., and Groot, K. (1999). Peptides 20,
121. 843-850.

23. Khorram,O0., Garthwaite, M., Grosen, E., and Golos, T. (2001). 48. Csernus, V., Schally, A. V., and Groot, K. (1999). J. Endocri-
Ferti!. Steril. 75, 174-179. no!. 163, 269-280.

24. Leung, P. C. and Steele, G. L. (1992). Endocr. Reiv 13, 476- 49. Zeitler, P., Stevens P. H., and Siriwardana, G. (1998). J. Mo!.
498. Endocrinol. 21, 363-371.



SIGNALING BY ENDOGENOUS GROWTH HORMONE RELEASING
HORMONE (GHRH) IN MDA 231 BREAST CANCER CELL LINES

Philip S. Zeitler MD, PhD and Gamini Siriwardana PhD

Department of Pediatrics, University of Colorado Health Sciences Center,
Denver, CO 80226

PhiI.Zeitler@uchsc.edu

GHRH, a pituitary growth factor, is expressed outside of the
hypothalamic/pituitary axis and promotes mitosis in some systems. GHRH and
its receptor are expressed in breast cancer cell lines and antagonism of
endogenous GHRH inhibits proliferation and promotes apoptosis of MDA231
cells in vitro. To clarify the intracellular signal pathways that mediate the actions
of GHRH on breast cancer cells, we examined the effect on intracellular signaling
of disruption of endogenous GHRH. Methods: MDA 231 cells were grown in
'::,,1IEM) with 10% FCS overnight. The medium was then changed to fresh
DMEM without F CS and cultures exposed to G HRH (1 [t M) o r a ntagonist ([N-
Acetyl-Tyr, D-Arg] - Fragment 1 - 29 Amide (GHRHa) 5 jiM). In some
experiments, cultures were pretreated with pharmacologic inhibitors of
intracellular signaling pathways. Results: Treatment of MDA231 cells with
GHRH promoted a 12-25% increase in cell numbers after 24 hours. This
increase was prevented by preincubation of cells with the MAP kinase inhibitor,
PD98095. Antagonism of GHRH led to a 12 - 20 % reduction of MDA 231 cell
numbers 24 hours after treatment, accompanied by a reduction in thymidine
incorporation and appearance of a characteristic apoptotic ladder.
Phosphorylation of p38 MAP kinase was observed 15 minutes after treatment of
MDA231 cells with GHRHa. Inhibition of p38 MAP kinase with 10 gM SB20586
prevented both the reduction of cell number and the antagonist-induced apoptotic
ladder. Exposure to GHRHa was also associated with reduction in the
phosphorylation of Jun Kinase 2 (Jnk2) but not Jnk-1, compared to baseline.
Transient transfection of dominant negative Jnk -2, but not JNK -1, enhanced
GHRHa-induced cell reduction - up to 50%. In addition, western analysis after
antagonist treatment demonstrated the appearance of active forms of caspase 2
and 3. No change was seen in activation of other caspases. Blocking caspase 2
activity with the inhibitor Z-VDVAD-FMK prevented antagonist-induced cell
reduction. Finally, Bcl-2 protein levels were reduced in antagonist-treated cells.
Conclusions: These results suggest that endogenous GHRHJpr'motes
proliferation of MDA 231 cells via activation of MAP kinase and inhibits apoptosis
through activation of Jnk2 and dephosphorylation of p38 kinase.
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